We have computed transient borehole electro secondary electric field occurs later in time as the resis magnetic (EM) responses of two-dimensional (2-D) tivity of the host decreases. The peak response and the models using a direct and explicit finite-difference algo onset of late-time behavior are delayed in time as well. rithm. The program computes the secondary electric Secondary responses for models with different host re field which is defined as the difference between the total sistivities (10-1000 Q-m) are approximately the same at field and the primary (half-space) field. The time deriva late time. If the target is less conductive, the effects of tive of the vertical magnetic field in a borehole is com the host, i.e., the attenuation and time delay, are less. It puted by numerical differentiation of the total electric is readily apparent that there exists a time window
within which the target's response is at a maximum tor with a finite width, embedded in a conductive half relative to the half-space response. At late time the space. Dual line sources energized by a step-function shape of the borehole anomaly due to a thin conductive current lie on the surface of the half-space and simulate 2-D target appears to be independent of the conduc the long sides of a large rectangular loop.
tivity of the host. The late-time secondary decay of the Numerical results substantiate several important fea target is neither exponential nor power law, and a time tures of the transient impulse response of such models.
constant computed from the slope of a log-linear decay The peak response of the target is attenuated as the curve at late time may be much larger than the actual resistivity of the host decreases. A sign reversal in the value for the same target in free space.
INTRODUCfION
Studies concerning the transient electromagnetic (TEM) re sponse of a target conductor buried in a half-space are of great practical importance. Lewis and Lee (1981) examined the distri bution of singularities in the decay spectrum of simple models in order to deduce the mathematical form of the late-time transient response. They presented some results for a cylinder in a half-space excited by a line source and concluded that a conductive host strongly directs the primary EM field at early times and" swamps out" the target field at late times. Kaufmann (1981) analyzed the response of a spheroid in a half-space directly beneath a loop source. He identified an intermediate time period during which the secondary response due to the target is greater than the primary. i.e., half-space, response. At these times the influence of the surrounding medium is at a minimum, and the secondary field is not a function of the conductivity of the host.
Here we draw attention to the borehole EM problem and present a variety of numerical results. Woods (1975) , Spies (1980) . and Dyck (1981) , all of whom published TEM model results for bodies in free space, acknowledged the need for understanding the effect of a conductive host. Our model is shown in Figure 1 . The boundary of the model is broken to emphasize that a much larger mesh was used to compute borehole responses. A 2-D diffusion equation is formulated from Maxwell'S equa tions and is then decomposed into a secondary electric field equation which is inhomogeneous at only those points where an anomalous conductivity is present. The primary field is the half-space field for two infinite line sources in the y (strike) direction (Oristaglio, 1982) . The total field is obtained by adding the secondary field solution to the primary field. How ever this decomposition does not imply that a simple super position of the primary and free-space response of the 2-D model is valid at all times. since the secondary field degenerates to the free-space field only when the host is an insulator.
The secondary electric field E~. is obtained numerically by 
.
time-stepping an appropriate Dufort-FrankeJ finite-difference approximation of the differential equation (Hohmann, 1983) 
ex cz
and the total field satisfies the differential equation
oE)'
i3J: The solution obtained using this decomposition is much more efficient than an equivalent total field solution would be.
Checks with other modeling schemes verify the validity of this approach (Adhidjaja et al., 1983) . The 2-D geometry of the model and source dictates that the electric field vector in the earth does not cross a conductivity boundary, electric charges do not accumulate, and a purely inductive transient response occurs when the current in the transmitter is instantaneously turned off.
We computed responses along a vertical borehole passing either through or near a horizontal tabular conductor as shown in Figure 1 . The quantity of most interest in borehole EM prospecting is the time derivative of the vertical magnetic field which is proportional to the voltage induced in a receiving coil
I~~~~>} with a vertical axis. Hence we refer to the computed response as the impulse response, even though the line sources transmit a step current waveform. Borehole responses for several real syterns (PEM, EM37. SIROTEM. and UTEM) are computed by numerically convolving the impulse response with the time derivative of the transmitted current waveform. Only for UTEM does the system response differ significantly from the impulse response.
Borehole free-space models (Woods, 1975; Dyck, 1981) usu ally consist of a loop source and a single, conductive thin plate or sphere. The important characteristic of our program is that it incorporates the influence of currents flowing in the back ground medium. The main practical limitation is that current channeling effects do not arise in the 2-D problem. .1 IDS'll = I.00E-04, (b) 2 ms \jI = 2.00£-06, (c) 9 ms \V = 2.00£-07, (d) 35 ms \jI = 2.00E-08.
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'IO"C 10" According to Lenz's law, the current induced in a conductor when the primary magnetic field varies with time is distributed in such a way to oppose the net change in magnetic flux through that conductor.
For a model consisting of a single conductor in free space this flux is strictly supported by currents flowing within or on the conductor. Early in time the currents are concentrated near the surfaces of the body, but with time they decay and diffuse inward (McNeill, 1980) . In free space the primary electric field propagates at the speed of light. The impulse response h(t) can be written in terms of a decay spectrum A(k) (Hohmann, 1984) as
The decay spectrum associated with the response of a 2-D cylinder energized by a line source in an insulating medium is characterized by poles on the imaginary frequency axis (Kauf man, 1978) . Integration of this type of spectrum yields an impulse response which decays exponentially.
For a conductive half-space: model the electric field diffuses down and across the half-space. In regard to the 2-0 model, this electric field is the primary electric field. When the current is turned off, image sources appear directly beneath the line sources in order to maintain the magnetic flux throughout the half-space. Hence the amplitude and shape of an image must approximate the original source. The electric field decays and diffuses away from the source in a manner described by Orista glio (1982) . In this case the decay spectrum is characterized by a continuous distribution of singularities, corresponding to a late-time transient that decays according to an inverse power law (Lewis and Lee, 1981) . For the model under consideration, a target conductor in a conductive half-space, induced currents initially arise just as if the body were not present. The secondary electric field is zero at the moment the transmitter current is turned off (Kaufman, 1981) . Hence at early times the total field approximates the primary field, which is nonzero (Kaufman, 1979) . In Figures 2 and 3, secondary and primary electric fields are contoured at four different delay times for a 0.1 nom target in a 100 O-m half-space. Only a portion of the finite-difference mesh has been contoured. With time the maximum of the primary field diffuses toward the conductor. The secondary field grows as an increas ing amount of current flows in the conductor due to its anoma lous conductivity and proximity to the primary field. Second ary and primary currents actually flow in opposite directions as illustrated in Figures 2a and 3a . Early on the total electric field is less than the primary field although the total current in the body is increasing with time. The primary field maximum moves across and away from the conductor (Figure 3b ). As the total magnetic flux passing through the body reaches a maxi mum and begins to decrease, the secondary electric field changes sign. Figures 2b and 2c illustrate the redistribution of secondary currents during this time. At late time (Figures 2d  and 3d ) the secondary field contours are centered on the con ductor and the primary field maximum has receded quite far from the target. Due to the contribution of the secondary field, the total field is usually larger than the primary field. However the secondary field decays more quickly than the primary field, and eventually the primary and total fields are indistinguish able. This type of current and field behavior is very similar to that described by Kaufman (1981) for a sphere buried directly beneath a circular loop. Figure 4 illustrates typical borehole responses generated with the 2-0 program. These responses correspond to the model geometry shown in Figure 1 , with a target resistivity of 0.1 Q-m and a host resistivity of 100 Q-m. The model figure also indi cates the geometric relationship of the boreholes and the con ductor. The derivative of the total vertical magnetic field with respect to time is plotted as a function of depth in Figure 4 for nine different delay times and four different borehole locations.
BOREHOLE PROFILES
It is evident that these responses bear some similarity to 3-D free-space borehole modeling results (Woods, 1975; Dyck, 1981) . However, as a comparison with Figure 5 illustrates, there arc fundamental differences between the 2-D conductive host responses of Figure 4 and the 3-D free-space responses of Figure 5 . The nature of the latter curves reflects the closed eddy current pattern and the absence of influence of a conductive host. We observe in Figure 5 that for borehole positions and delay times corresponding to those in Figure 4 the free-space curves simply decrease in amplitude with time. The sense of the anomaly changes when we move the borehole from outside the plate to inside and again when we move the borehole outside the plate on the opposite side. Figure 4 illustrates a different kind ofTEM response, and an elaboration on current and field Initially the primary field diffuses away from the near line source toward the target which is a horizontal tabular conduc tor with dimensions of 20 by 200 m at a depth of 280 m. All currents due to the primary electric field on the right side of the mesh are negative, that is, they flow in the -y direction, at all times. A sign change in the borehole profiles of a half-space model will be observed when the maximum in the electric field crosses the borehole. Secondary currents are initially positive because the total magnetic field in the vicinity of the target is increasing. As was shown in Figure 2a , these currents tend to concentrate on the left side of the target. Because of the finite conductivity of the host, the secondary currents can diffuse into the half-space. With time, the secondary electric field maximum migrates toward the center of the target. This diffusion causes a sign change in the sense of the anomaly in Figure 4c (delay times = 0.5 to 2.0 ms).
The primary maximum crosses the location of the body during the same time period. Consequently the single con centration of secondary current is disrupted into irregular lobes. By 5 ms the secondary current flow begins to reverse direction in order to support the magnetic field which is locally decreasing. This decrease occurs because the primary electric field maximum is more than 200 m away from the right edge of the target by this time. A new secondary maximum forms and diffuses back toward the center of the target. The major sign reversal in the 2-D borehole response is largely a consequence of the secondary field reversal. The final total current distribution consists of a single nega tive maximum which is centered on the target. The measured response due to all currents will exhibit a broad positive anom aly for boreholes to the left of the center of the target (Figures  4a, 4b , and 4c) and a broad negative anomaly for boreholes to the right of the center of the target (Figure 4d ). The subsequent decay of this distribution will be referred to as the late-time period.
Borehole results were also computed for a 1 O-m target in the 100 O-m half-space with the same geometry shown in Figure 1 . The borehole curves in Figure 6 correspond geometrically to those in Figure 4 and illustrate important differences between the two models. The sign reversal in the secondary electric field occurs earlier in time for the less conductive target. Hence the late-time period begins earlier as well. Although at early times the secondary field response is slightly larger for the model containing a less conductive target, the response decays more rapidly with time. Therefore the primary response, which is the same for both models, tends to dominate the total response sooner in the case of the less conductive target. Clearly the anomalies shown in Figure 6 are less distinctive than those in Figure 4 . and UTEM model results were computed directly from the impulse response by convolving with the appropriate wave form. The system responses were integrated over finite contigu ous windows and plotted at times specified by the system manufacturer. System specifications were acquired from a vari ety of references and are summarized in a thesis (Eaton, 1984) completed concurrently with this paper. The first three systems use a repetitive step-like current waveform. The fourth system transmits a continuous triangular current waveform.
The detailed turn-on characteristics of the current waveform were not included in the convolution, because it was deter mined that the influence of the turn-on is relatively small. In fact, the net effect of the turn-on is to reduce slightly the system response at early times. The effect of a finite linear turn-off used in PEM, EM3? and SIROTEM is to reduce the response, relative to the impulse response, in a manner which is not quite inversely related to the slope of the ramp because the duration of the tum-off produces an opposing effect. We believe that all of the impulse responses presented here will be similar to that measured with one of these systems. Because the UTEM re sponse is more closely related to the step than to the impulse response, the borehole profiles in Figure 7d are unlike the others. The UTEM responses were not normalized to remove the effect of the primary (free-space) waveform as is done in practice. However, all of the system waveforms were normal ized to 1 A (zero to peak) current.
THE INFLUENCE OF HOST ROCK CONDUCTIVITY
Differences between the free-space and the conductive host response arise because the target is continually energized by the primary electric field when the host has a finite resistivity (Lewis and Lee, 19811 . The duration over which the source field is effective depends largely on the resistivity of the host. As the resistivity increases, the velocity of the maximum of the pri mary field diffusing through the half-space increases in the vicinity of the target, roughly in proportion to the increase in resistivity. This relationship was determined empirically from modeling results. For example, the velocity is approximately 2500 krn/s for a 1000 Q-m half-space, 250 krn/s for a 100 nom half-space, and 25 krn/s for a 10 Q-m half-space when the primary maximum crosses the target.
The rate or diffusion of the primary field accounts for the fact that late-time behavior begins earlier as host rock resistivity increases. Secondary and primary decays calculated at a station 160 m from the near line source and 300 m deep for several half-space resistivities are shown in Figure 8 . The target has a resistivity of 0.1 n-m and only the positive portion of each decay curve has been plotted. It is apparent that the transient must be measured out to at least 15 ms in order to include the peak secondary response of the target in the most conductive host. The peak response always precedes late-time behavior.
The primary field decay curves in Figure 8 are characterized by an inverse power law decay (t -2) at late times. It may be deduced from the figure that the delay time at which one of these curves decays to some particular value is proportional to the square root of conductivity. Also beyond some particular late time the primary response is directly proportional to the conductivity of the half-space.
For a very resistive host, the primary field maximum is only 
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I~a. near the target for a short period of time. However the deriva tive of the primary field with respect to time is large. The significance of cE:/ct is apparent in equation (1). Figure 9 illustrates the behavior of this function with time at the same station for several half-space resistivities. An explicit expression for the function may be found in Oristaglio (1982) . Notice the significant decrease in the magnitude of the function with de creasing host resistivity. The time rate of decay of the primary field ( Figure 9 ) ac counts for the decrease in peak secondary amplitude with in creasing host conductivity (Figure 8) . However, notice that after 25 ms the models with a more conductive half-space have a slightly larger secondary response, although the decay curves are very nearly the same.
Borehole profiles for a 0.1 Q-m target and several different host resistivities may be compared in Figure 10 . The borehole location corresponds to that of Figure 4a , but in this case secondary responses are presented. This figure emphasizes the time delay and attenuation of the secondary response due to the influence of the conductive host. It is apparent that the same physical processes occur in all models, but the duration of these processes and the amplitude of the corresponding second ary response depend strongly on the characteristics of the host.
The shape of the anomalous portion of the borehole profile is related to the size and proximity of the target. Figures 4 and 7 demonstrate that at early times the shape of the curve is largely a function of the delay time of the profile. Conversely, at late times when the current distribution has stabilized, the shape of the curve is not so dependent upon the time at which the response is sampled. Figure 10 reveals that the width of the secondary anomaly at late time is essentially invariant over this conductivity range (10 to 300 !l-m). This observation concurs with scale modeling results (Spies, 1980) . Figure 11 illustrates transient decays for a 1 O-m target at the same location corresponding to Figures 8 and 9 . Late-time behavior demonstrates that the primary response decays more slowly than the secondary response and will eventually domi nate the total response even at locations near the target. Hence the maximum response of the target is confined to a "window" in time. The width of the window is smallest for the most conductive half-space model. Relative to the 0.1 Q-m responses of Figure 8 , it is obvious that the secondary responses of Figure  11 are initially larger but decay more quickly at late time. The ability of the half-space to attenuate and delay the response of the target is less for the more resistive body. Also it is apparent in Figure 11 that for different half-space resistivities, the sec ondary responses are more closely the same over a longer period of time in this case.
Close agreement of the secondary responses for a variety of host resistivities would indicate that the response of the half space and target are only weakly coupled over a certain range of time. Lewis and Lee (1981) asserted that the half-space and target responses are "inextricably coupled." Computational constraints do not allow us to study thoroughly very resistive half-space models with this program, although the 1000 O·m model was recomputed using a much larger mesh and a smaller time step to check convergence. Preliminary results obtained by integral equation techniques indicate that the free-space response may not coincide with the secondary responses for these models. The validity of simply subtracting a computed half-space response from the total response measured, in order to use free-space interpretative aids, remains to be verified.
The secondary response of this type of 2-D body (Figures 8  and 11 ) does not decay according to a single exponential func tion nor according to an inverse power law. It is possible that a simple sum of such functions may adequately describe the transient process during the window, as in the case of the sphere (Kaufman, 1981) . In Figure 12 total and secondary decay curves for a 0.1 Q-m target in a 100 O-m half-space are plotted on a log-linear scale for a station 240 m deep and 220 m from the near source. Because the late-time portion of either curve is nearly straight, it is tempting to assume that the response is decaying exponentially, then measure the slope of the curve and calculate a time constant for the target. The estimate derived in this manner from either the total or second ary decay curve is approximately 23 ms. However if we use an equation for either a thin infinite plate (Kaufman, 1978) , a rectangular plate with a conductance of 200 S and a short dimension of 200 m (Woods, 1975) , or an elliptic cylinder with an eccentricity of 10 (McNeill, 1980) ,the time constant is on the order of 4-6 ms. All of these expressions may be reduced to the form l000lluta ms, where a ranges from 8.5 to 12.5 for a body which corresponds as close as possible to our target. Here a and t are the width and thickness of the body, respectively. The discrepancy between the slope and equation estimates may be attributed to the response of the target which is not purely exponential and the influence of the conductive host. The use of time constants estimated from the slope of the decay curve may result in a considerable overestimation of the conductivity-thickness product of such targets.
CONCLUDING REMARKS
The inductive impulse response of a 2-D conductive target is influenced by a conductive host in several ways.
(1) A sign reversal in the secondary field is pushed later in time as the conductivity of the host increases. Therefore the peak response of the target and the onset of late time are delayed as well. This delay reflects the fact that the primary field diffuses slowly in a conductive half-space. (2) The peak response of the target is attenuated as the conductivity of the host increases, This is due to a decrease in the source term of the secondary field of the host, and it can make an important contribution to the equation as the half-space conductivity increases. At transient EM response. late time the secondary responses of a given target conductor are approximately the same, although those for the more conductive half-space models are ACKNOWLEDGMENTS slightly larger. (3) In a similar manner, the primary field decay curves are attenuated and delayed in time as the half-space becomes more conductive. (4) As the target becomes less conductive (i.e., 1 Q-m versus 0.1 !l-m) for a given half-space resistivity, the attenuation and time delay effects are less. Conse quently the secondary field decay curves for different host resistivities are more nearly the same over a longer period of time. (5) The shape of the borehole anomaly at late time ap pears to be unaffected by the presence of a conducti ve host. At early time the shape of the borehole profile is strongly dependent upon the time at which the re sponse is measured. (6) The late-time decay of a 2-D tabular body in a con ducti ve half-space excited by a line source is neither purely exponential nor an inverse power law, but is possibly some algebraic combination of the two. A careful study of the characteristics of singularities in the decay spectrum of such a model may provide insight into late-time behavior. (7) A standard technique of estimating time constants from the slope of the decay curve is not valid when the conductor is embedded in a conductive half space. Calculations using this technique can result in a large overestimation in the conductivity-thickness product of the target, even if a secondary, rather than total, field decay curve is used.
These results are strictly valid for the 2-D inductive response for which numerical models are easily computed. The applica bility of the results to a more practical mining exploration model, i.e., 3-D target in a I-D host with a closed loop source, has not been tested. The response of a 3-D body reflects the closed nature of the eddy currents in the target and host. Current channeling is strongly influenced by the conductivity We would like to express our appreciation to Mike Orista glio, Gordon West, and an anonymous reviewer for their help ful suggestions and comments in preparing this paper. Jopie Adhidjaja made significant modifications to M. Oristaglio's original 2-D program which permit model studies of this type to be feasible.
Financial support for this work was provided by the follow ing companies: Amoco Production Co., ARca Oil and Gas Co., Chevron Resources Co., Conoeo, Inc., CR.A. Exploration Pty. Ltd., Sohio Petroleum Co., Union Oil Co., and Utah International, Inc.
